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1
COMMUNICATION SYSTEM

The present invention relates to a wireless communication
system and related methods for transmitting a signal from a

2

appreciated that a reduction in the overall pathloss (and there-
fore an improvement, or gain, in signal strength and thus data
throughput) should be achieved 1f a signal 1s sent from a
source apparatus to a destination apparatus via an intermedi-
ate apparatus (eg relay node), rather than being sent directly

source apparatus to a destination apparatus, via at least one 5
intermediate apparatus. In particular, the present invention  {rom the source apparatus to the destination apparatus. It
relates to techniques which seek to improve the throughput of ~ 1mplemented, multi-hop communication systems could
data in multi-hop communication systems. potentially allow for a reduction in the transmit power of
It is known that the occurrence of propagation loss, or transmitters which facilitate wireless transmissions, which
“pathloss”, due to the scattering or absorption of a radio 10 Would lead to a reduction 1n interference levels as well as
communication as 1t travels through space, causes the decreasing exposure to electromagnetic emissions.
strength of a signal to diminish. Factors which influence the Clearly, due to the non-linear relationship between path-
pathloss between a transmitter and a receiver include: trans- loss and distance, the position of an intermediate apparatus
mitter antenna height, receiver antenna height, carrier fre- relative to the source and destination, will critically effect the
quency, clutter type (urban, sub-urban, rural), details of mor- 15 potential gain that a multi-hop transmission may have as
phology such as height, density, separation, terrain type compared to a direct, or single-hop, transmission between the
(hilly, flat). The pathloss L (dB) between a transmitter and a source and destination. This 1s illustrated 1n FIG. 2A which
receiver can be modelled by: shows a graphical representation ot the theoretical gain which
may be achieved by multi-hop transmissions, and plots the
L=b+10m log d A total power loss (dB) against the relative normalised position
Where d (meters) 1s the transmitter-receiver separation, of the intermediate apparatus between the source apparatus
b(db) and n are the pathloss parameters and the absolute and the destination apparatus.
pathloss is given by 1=10%/19, Considering firstly the case where the intermediate node 1s
FIG. 1A illustrates a single-cell two-hop wireless commu- positioned on the line of the direct link between the source
nication system comprising a base station (known in the ,5 and destination (in which case the path extension
context of 3G commumnication systems as “node-B” (NB)) a factor (s)=1), 1t can be seen that the potential gain 1s reduced
relay node (RN) and a user equipment (UE). In the case where as the relay node 1s moved away from a mid-way position
signals are being transmitted on the downlink (DL) from a towards the source or destination apparatus. Likewise, as the
base station to a destination user equipment (UE) via the relay position of the mtermediate apparatus 1s moved away from
node (RN), the base station comprises the source apparatus 3, the line of the direct link, thereby extending the total path
(S) and the user equipment comprises the destination appa- length of the sum of the two transmission segments (and
ratus (D). In the case where communication signals are being, increasing the path extension factor to s=1.1, s=1.2 etc), it can
transmitted on the uplink (UL) from user equipment (UE), via be seen that the graphical region of theoretical gain 1s again
the relay node, to the base station, the user equipment com- reduced.
prises the source apparatus and the base station comprises the 35  However, simulations carried out to test the applicability of
destination apparatus. The relay node 1s an example of an multi-hop communication systems have revealed unexpect-
intermediate apparatus (I) and comprises: a recerver, operable edly low gains in throughput of data. Indeed, the gains expe-
to receive a signal from the source apparatus; and a transmit- rienced are well below the potential gain suggested by a
ter, operable to transmit this signal, or a dervative thereof, to simple analysis based on the pathloss equation A. Conse-
the destination apparatus. 20 quently, and despite the potential advantages that multi-hop
Table I below gives some examples of the calculated path- systems may demonstrate 1n terms of signal range extension,
loss of a signal being transmitted over the different links: a possible reduction 1n the overall transmit power required to
source to destination (SD), source to intermediate (SI) and transmit a signal between a source and destination, and the
intermediate to destination (ID), in a multi-hop transmission connectivity of otherwise inaccessible nodes, wireless sys-
system where b and n are assumed to remain the same over tems operators have been deterred from 1implementing multi-
cach of the links. hop networks.
TABLE I
Separation
___ (metres) Pathloss in dB Absolute Pathloss
b(dB) n SD S ) SD S ID SD S1 ID
153 3.76 1000 500 500 1281 1168 116.8  6.46E12 4.77E11 4.77E11
15.3 376 1000 600 600 1281 119.76 119.76 6.46E12 9.46E11 9.46E11
153 3.76 1000 700 700 128.1 122.28 12228 6.46E12 1.69E12 1.69E12

The examples calculated above demonstrate that the sum
ol the absolute path losses experienced over the indirect link
SI+ID may be less than the pathloss experienced over the
direct link SD. In other words it 1s possible for:

L(SD+L(ID)<L(SD) (B)

Splitting a single transmaission link into two shorter trans-
mission segments therefore exploits the non-linear relation-
ship between pathloss verses distance. From a simple theo-
retical analysis of the pathloss using equation (A), 1t can be

60
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One of the reasons that such a discrepancy exists between
the predicted gain and the simulated gain 1s that previous
predictions have been based on the assumption that the path-
loss parameters b and n are the same on all links. In actual fact,
these values vary as a result ol the antenna height of the source
apparatus and destination apparatus as compared to the height
of the relay node. Thus, a more realistic table of values 1s
given below i table II. The values labelled 3GPP are obtained
from adapting the model employed by the 3GPP to incorpo-
rate the fact that the antenna height of the intermediate appa-
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ratus 1s typically somewhere between the height of the
antenna at the source and destination apparatus. The values
labelled UoB are derived from modelling conducted by the
University of Bristol based on a typical deployment 1n the city
of Bristol.

TABLE Il
Link
Pathloss Parameter S-D S-1 I-D
3GPP b (dB) 15.3 15.5 28
n 3.76 3.6% 4
UoB b (dB) 13.07 16.29 10.04
n 488 4.64 5.47

The graphical illustration of total pathloss verses norma-
l1sed relay node position using the pathloss parameters tabu-
lated 1n table II 1s shown in FIG. 2B. It can be seen that the
perfect “bell-shape” of FIG. 2A 1s not achieved when a more
realistic set of pathloss parameters are used to calculate the
variation 1n total pathloss as the position of a theoretical relay
node 1s adjusted. Indeed, the region of gain 1s reduced and 1t
1s apparent that relatively small changes 1n the position of a
relay node or a user equipment, leading to a change 1n the
absolute pathloss over the communication link, will have a
significant effect on the quality of a communication signal at
the recerving apparatus. Thus, the positioning of an interme-
diate apparatus or relay node 1s critical 1f a gain 1s to be
achieved by the occurrence of a multi-hop transmission, as
compared to a direct transmission between the source and
destination.

However, even when predictions are based on a more accu-
rate retlection of the pathloss parameters likely to be encoun-
tered 1n the real world, simulations of multi-hop systems have
revealed unexpectedly poor correspondence between the pre-
dicted and simulated gain.

Embodiments of the present invention seek to provide a
communication system comprising a source apparatus, a des-
tination apparatus and at least one intermediate apparatus,
wherein the source apparatus and the or each intermediate
apparatus each comprise a transmitter, operable to transmit a
communication signal or a signal derived therefrom, 1n a
communication direction towards said destination apparatus,
and wherein the destination apparatus and the, or each, inter-
mediate apparatus each comprise a receiver, operable to
receive said communication signal, or a signal derived there-
from, wherein said communication system comprises a deter-
mimng means, operable to determine a measure of, or a
change 1in a measure of, the resource allocated to one or more
of said transmitters that will tend to substantially attain or
maintain a balance between:

1) a measure of the quality of the communication signal
received at the destination apparatus; and

11) measure of the quality of the communication signal
received at the, or each, intermediate apparatus.

It will, of course, be appreciated that the communication
signal actually recerved by the destination apparatus may be
the communication signal transmitted by the source appara-
tus, or 1t may be a communication signal dertved therefrom.

Thus, preferred embodiments of the present invention seek
to maintain or achieve a “balance” 1n a measure of the quality
of a communication signal being received at the or each
intermediate apparatus and a measure of the quality of a
communication signal being received at a destination appa-
ratus. Preferably, the determining means 1s operable to deter-
mine a change in the transmit power of one or more of the
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4

apparatuses which are operable to transmit a communication
signal present communication system embodying the present
invention, i order to reduce or prevent substantial imbalance
(1.e. achieve or maintain a substantial “balance”) between a
measure of the quality of a communication signal received at
the intermediate apparatus and a measure of the quality of a
communication signal recerved at the destination apparatus.

The existence of an imbalance arising 1n a communication
system embodying the present mmvention may be apparent
from a direct comparison of a measure of a quality of a
communication signal received at the destination apparatus
and a measure of the quality of a communication signal
received at the, or one of the, intermediate apparatuses. Alter-
natively, an imbalance may be apparent when a comparison 1s
made via a mapping function. Hence the situation may exist
where measures of equal value do not equate to a balanced
system, and likewise where measures of differing value may
equate to a balanced system.

It 1s envisaged that embodiments of the present invention
may be used, prior to deployment of a multi-hop system, to
optimise the system and/or to substantially balance a measure
of the quality of a communication signal received at the, or
cach imntermediate apparatus and a measure of the quality of a
communication signal received at the destination apparatus.
It 1s also envisaged that embodiments of the present invention
may be implemented within an existing multi-hop system in
order to seek to achieve and maintain “balance’ 1n a measure
of the quality of a communication signal across all links.
Thus, the present invention may be employed within a multi-
hop communication system to establish a substantial “bal-
ance” between an indicator of the RSS or the SINR at the
destination apparatus and an indicator of the RSS or the
SINR, at the, or each, intermediate apparatus. The transmit
powers will advantageously be optimised mitially waith
respect to a target recerved signal quality for one of the appa-
ratuses operable to recerve a communication signal in a multi-
hop system. This will usually be the destination apparatus.
Thus, an indicator of a measure of the variation of the quality
ol a communication signal recerved at the destination from a
target received signal quality (=*“varniation from target” indi-
cator), will advantageously be minimal when a system has
been optimised according to embodiments of the present
invention. Thereafter, 1f a change 1s detected 1n the vanation
from target indicator, which may be 1n a positive or negative
sense, €.g. 1f the quality of the communication signal has
deteriorated or improved, or 1f the target set for the apparatus
has changed, the variation from target indicator will increase.
In this case, embodiments of the present invention which
enable a deviation of the variation from target indicator from
a desired value to be detected, will advantageously seek to
bring the vaniation from target indicator to the desired value.

Simulations of multi-hop communication systems
embodying the present invention have been found to demon-
strate a significant gain over systems in which a signal 1s
transmitted directly to a destination apparatus. Indeed, the
results of system level simulations carried out to test a pre-
ferred embodiment of the present invention indicate that a
communication system which 1s “balanced” within the con-
text of the present invention, can be expected to fulfil the
advantages associated with multi-hop transmissions and to
provide an improvement 1n the throughput of data.

It 1s believed that one explanation for the improved
throughput demonstrated by preferred embodiments of the
present invention 1s that they permit a reduction 1n the abso-
lute transmit power required 1n a multi-hop system. This 1s
considered in more detail below.
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Starting {rom the principle already demonstrated above,
that by splitting a single direct transmission link nto two
shorter transmission links, a reduction 1n the total pathloss
experienced by a signal 1s achieved. Then, the total transmuit
power required to transmit a communication signal from a
source apparatus to a destination apparatus via at least one
intermediate apparatus, will be less than 1s required to trans-
mit the communication signal directly between the source
apparatus and the destination apparatus. Thus, less transmuit
power 1s needed 1n order to ensure that the destination appa-
ratus (and possibly also the intermediate apparatus) receives
a minimum or “target” signal quality. If no adjustment 1s
made to the transmit power, then significant excess transmit
power (1.e. transmit power exceeding that required to achieve
a good, or target, signal quality at the destination apparatus
and/or the intermediate apparatus) will result. Rather than
serving to further increase the gain achieved by a multi-hop
communication as compared to a direct communication
between a source apparatus and a destination apparatus, this
excess transmit power will merely increase interference lev-
¢ls leading to a deterioration 1n the quality of the communi-
cation link. This deterioration will tend to counteract the
potential gain of a multi-hop system which accounts for the
poor simulation results of previously considered multi-hop
communication systems.

Furthermore, the overall throughput across a two-hop net-
work (for example) 1s limited by the lower of: the number of
data packets recerved at the intermediate apparatus and the
number of data packets received at the destination apparatus.
The number of data packets recerved at a recerver 1s depen-
dent upon the quality of the communication link that termi-
nates at that recerver. This may be reflected, for example, by
a measure of the throughput, a measure of the recerved signal
strength (RSS) or a measure of the signal-to-interference plus
noise ratio (SINR). Thus, in effect, the receiver which
receives the lowest quality communication signal within a
multi-hop system forms a “bottle neck™ for data packet trans-
mission, thereby wasting capacity for data transfer on other
links within the multi-hop system. An increase the transmuit
power at a transmitter which does not serve to improve the
lowest quality communication signal, will result 1n additional
excess transmit power. Consequently, a further degradation 1s
experienced 1n the performance of the system. This 1s 1llus-
trated in FIGS. 9A and 9B which plot the variation of the gain
in average packet throughput observed by users of a two-hop
system compared to that observed for a single hop system,
against the transmit power of the source apparatus (NB). Each
graph mcludes four different plots, each representing a dii-
terent transmit power of the intermediate apparatus. It can be
seen that as the transmit power of the base station 1s increased
beyond an optimal point, then a significant degradation in
gain will be experienced despite the emission of more signal
energy.

It can therefore be appreciated that the improvements made
by preferred embodiments of the present invention can be
attributed to the way i which the various aspects of the
present invention seek to ensure that any imbalance between
a measure of the quality of a communication signal recerved
at the destination apparatus and a measure of the quality of a
communication signal received at the, or each, intermediate
apparatus 1s reduced or prevented. Thus, excess transmuit
power which cannot improve the throughput of data packets
and which will only serve to raise interference levels, 1s
mimmised.

There are a number of different events which, 11 they arise,
can potentially lead to an “imbalance” (1.e. a difference
between a measure of the quality of a communication signal
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6

received at the destination apparatus and a measure of the
quality of a communication signal recerved at the or each
intermediate apparatus) 1n a multi-hop system:

1) The pathloss arising over one of the links changes. This
may be due to the position of one or both of the trans-
mitter and recerver for that link changing, or due to a
change 1n the environmental conditions or interference
levels arising between the transmitter and the receiver.

1) It 1s usual for an apparatus which 1s operable to receive
a communication signal, to have a target RSS or target
SINR. This 1s usually set by the network provider and
may vary depending on the characteristics of the com-
munication system or receiving apparatus, or depending
on the type of data to be transmitted. The target RSS/
SINR of a mobile phone or other user equipment may
vary and any change 1n target can be accommodated for
by adjusting the transmit power of the transmitting appa-
ratus 1n such a way as to tend to minimise a measure of
the vanation of the quality of a communication signal
received at the destination apparatus from a target
received signal quality (1.e. “variation from target™). In
the case of a multi-hop system, merely adjusting the
transmit power of one apparatus 1n order to accommo-
date a change 1n target of one of the receiving appara-
tuses, will lead to an 1imbalance within the system.

Embodiments of the present invention seek to provide a
way of responding to an imbalance, or a potential imbalance,
which arises as a result of each of these possible events in
order to improve the throughput of data being transmitted on
the uplink (UL) from a source apparatus to a base station via
one or more mtermediate apparatuses. In a standard commu-
nications system the uplink 1s the link between the UE and the
NB. In the multi-hop case the UL refers to the link 1n which
communication 1s directed towards the NB (e.g. UE to RN,
RN to RN in the direction of NB and RN to NB). Furthermore,
embodiments of the present invention seek to provide a way
of optimising a multi-hop system whereby any target quality
set by one or more of the receivers 1s substantially attained
and the throughput of data across each link 1s substantially
equal.

According to a first aspect of the present invention there 1s
provided a communication system comprising a source appa-
ratus, a base station and at least one intermediate apparatus,
the source apparatus being operable to transmit a communi-
cation signal, via the or each intermediate apparatus, to the
base station, wherein the base station comprises indicator
derivation means operable to derive one or more indicators of
the quality of a communication signal recerved at the base
station, the system comprising;:

1) indicator deviation detection means, operable to detect a
deviation in the, or one of the, indicators derived by the
base station;

11) control means, provided 1n the base station, comprising,
a first calculation means operable, following detection
of such a change, to calculate a new transmit power for
the intermediate apparatus, or a new transmit power for
the intermediate apparatus and the source apparatus, that
will tend to: a) substantially reduce an imbalance
between a measure of a quality of a commumnication
signal recerved at the intermediate apparatus and a mea-
sure of the quality of a communication signal received at
the base station; or b) substantially prevent said imbal-
ance {rom arising.

Embodiments of the first aspect of the present mvention
advantageously provide a way of responding to a deviation
from a desired value which may be due to 1) a change 1n
pathloss between the intermediate apparatus and the base
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station by calculating a new transmit power for the interme-
diate apparatus; or 11) responding to a potential imbalance
which could result following a change in the target of the base
station apparatus by calculating the transmit power for the
intermediate apparatus and/or the source apparatus.

In accordance with an embodiment of the first aspect of the
present invention, one of the indicators dertved by said base
station may comprises a measure of the strength of a commu-
nication signal received at the destination apparatus (eg RSS).
Alternatively or additionally, one of the indicators derived by
the base station may comprise a measure of the signal-to-
interference plus noise ratio (SINR) of a communication sig-
nal received at the destination apparatus, or it may comprise
a measure of the variation of the quality of a communication
signal received at the destination apparatus from a target
received signal quality set for the destination apparatus. An
indicator of the variation from target may be a variation from
target RSS, a variation from target SINR or a variation from a
target which 1s based on a combination of RSS and SINR.

Preferably, the imbalance which embodiments of the first
aspect of the present invention seeks to reduce or prevent
comprises a difference between a measure of the signal-to-
interference plus noise ratio of a communication signal
received at the base station and a measure of signal to inter-
terence plus noise ratio of a communication signal recerved at
the, or one of the, intermediate apparatuses.

According to a second aspect of the present invention there
1s provided a communication system comprising a source
apparatus, a base station and at least one intermediate appa-
ratus, the source apparatus being operable to transmit a com-
munication signal, via the or each intermediate apparatus, to
the base station, said base station comprising a control means,
wherein each of the base station and the mtermediate appa-
ratus comprise: indicator derivation means operable to derive
one or more indicators of the quality of a communication
signal received at the base station or the intermediate appa-
ratus respectively, wherein said control means 1s operable to
receive one said indication from each of said intermediate
apparatus and said base station, the control means compris-
ng:

1) imbalance detection means operable to detect an 1mbal-
ance between one said indicator dertved by the base
station and one said indicator derived by the intermedi-
ate apparatus; and

11) calculation means operable, following detection of such
an 1mbalance, to calculate a new transmit power for the
source apparatus which will tend to substantially reduce
said 1mbalance.

Embodiments of the second aspect of the present invention
advantageously provide a way of adjusting the transmit
power of the source apparatus 1n order to tend to achieve or
maintain balance between the quality of a communication
signal received at the base station and the quality of a com-
munication signal recerved at the intermediate apparatus. In
particular, embodiments of the second aspect of the present
invention advantageously provide a means for responding to
an 1mbalance which arises due to a change in pathloss
between the source apparatus and the intermediate apparatus.

According to embodiments of the second aspect of the
present invention, one said indicator derived by each of the
intermediate apparatus and the destination apparatus com-
prises a measure of the strength of a communication signal
received at the destination apparatus or the intermediate appa-
ratus respectively (eg RSS). Alternatively or additionally, one
said indicator dertved by each of said intermediate apparatus
and said destination apparatus comprises a measure of the
signal-to-interference plus noise ratio (SINR) of a communi-
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cation signal received at the destination apparatus or the inter-
mediate apparatus respectively.

Preferably, said imbalance detection means comprises a
pathloss updating means operable, following receipt of said
indicators from said base station and said intermediate appa-
ratus, or following a change 1n one or both of said indicators,
to determine a measure of the pathloss experienced by a
communication signal being transmitted between the source
apparatus and the intermediate apparatus, and between the
intermediate apparatus and the base station. A measure of the
pathloss experienced by a communication signal being trans-
mitted between the source apparatus and the intermediate
apparatus may preferably be determined from a measure of
the transmit power of the source apparatus when that com-
munication signal was transmitted. A measure of the pathloss
experienced by a communication signal being transmitted
between the intermediate apparatus and the base station may
preferably be obtained from a measure of the transmait power
of the intermediate apparatus when that communication sig-
nal was transmitted. The intermediate apparatus may be oper-
able to transmit a transmit power indicator which 1s indicative
of a measure of a current transmit power of the intermediate
apparatus to the pathloss updating means for use determining
the pathloss between the intermediate apparatus and the des-
tination apparatus. Alternatively, the measure of the transmit
power of the intermediate apparatus may be determined from
1) a measure of the transmit power of the intermediate appa-
ratus at an 1nitial time and 1) knowledge of changes in the
transmit power of the intermediate apparatus which have
occurred since said initial time.

The intermediate apparatus preferably comprises a
receiver operable to receirve the signal transmitted by the
source apparatus; and a transmitter operable to transmit the
received signal, or a signal derived therefrom, to the destina-
tion apparatus. Duplexing of signals to separate communica-
tion signals received by the intermediate apparatus from com-
munication signals transmitted by the intermediate apparatus
may be Frequency Division Duplex (FDD) or Time Division
Duplex (TDD). One or more of the intermediate apparatuses
may preferably comprise a so-called relay node (RN) or
relay-station (RS). A relay node has the capability of receiv-
ing a signal for which 1t 1s not the imtended final destination
and then transmitting the signal on to another node such that
it progress towards the mtended destination. A relay node
may be of the regenerative type, where the received signal 1s
decoded to the bit level, making a hard decision. If the
received packet 1s found to be 1n error then retransmission 1s
requested, hence the RN incorporates ARQ or H-ARQ. ARQ
or H-ARQ 1s a recerver technique for managing retransmis-
s1on request and subsequent reception of retransmitted sig-
nals. Oncethe packet is successiully received, 1t 1s then sched-
uled for retransmission towards the destination, based on any
radio resource management strategies imcorporated into the
RN. Alternatively a relay node may be of the non-regenerative
type, whereby data 1s amplified at the relay node and the
signal 1s forwarded to the next apparatus or node. It 1s envis-
aged that the function of an intermediate apparatus or relay
node may be provided by a mobile phone, or other user
equipment.

Preferably, the control means 1s operable, following a cal-
culation of a new transmit power for the intermediate appa-
ratus by the first calculation means, to determine 11 the new
transmit power of the intermediate apparatus 1s greater than a
maximum transmit power of the intermediate apparatus. This
1s determined with reference to the maximum transmit power
of the intermediate apparatus. Preferably, 11 1t 1s determined
by the control means that the new transmit power 1s greater
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than the maximum transmit power, the first calculation means
calculates a second new transmit power for the intermediate
apparatus which does not exceed the maximum transmit
power of the intermediate apparatus.

Furthermore, 1in the case where the control means receives
a request for a change 1n the transmit power of the imterme-
diate apparatus, the control means may preferably be oper-
able to recerve an mput signal which allows the control means
to determine 11 the request 1s due to a change 1n a vaniation
from target indicator derived by the base station. If 1t 1s
determined that the request 1s due to a change 1n the vanation
from target indicator derived by the base station, the first
calculation means 1s further operable to calculate a new trans-
mit power for the source apparatus, based on the new transmit
power calculated for the intermediate apparatus, to thereby
tend to substantially prevent an imbalance between a measure
of the quality of a communication signal received at the
intermediate apparatus and a measure of the quality of a
communication signal recerved at the base station from aris-
ing. Following a calculation of a new transmit power for the
source apparatus, the control means is preferably operable to
determine 11 said new transmit power for the source apparatus
1s greater than a maximum transmit power for the source
apparatus. If 1t 1s determined by the control means that the
new transmit power 1s greater than the maximum transmit
power of the source apparatus, the first calculation means
calculates a second new transmit power for the source appa-
ratus which does not exceed said maximum. The first calcu-
lation means 1s advantageously operable, following the cal-
culation of a second new transmit power for the source
apparatus, to calculate a second new transmit power for the
intermediate apparatus which will tend to prevent an 1mbal-
ance between a measure of the quality of a communication
signal recerved at the base station and a measure of the quality
ol a communication signal received at the intermediate appa-
ratus from arising.

It should be appreciated that embodiments of the first
aspect of the present invention, which seek to detect a change
in an indicator derived by the base station, may or may not
seek to balance, or prevent an imbalance, between that indi-
cator and an indicator of the same type dertved by the inter-
mediate apparatus. Furthermore, in the case where a change
in an indicator of the variation from target SINR set by the
base station 1s detected as a result of the target SINR changing
(whilst the SINR at the destination remains constant), no
imbalance will exist between the indicators of SINR derived
by the base station and the intermediate apparatus (assuming,
the system was 1n balance prior to the change 1n target at the
destination apparatus), and the control means will tend to
calculate the adjustment required in the transmit power of
both the intermediate apparatus and the source apparatus
which will prevent an imbalance 1n SINR from arising.

The first and second aspects of the present invention will
cach tend to reduce or prevent an imbalance which arises or
may arise, as the case may be, under different circumstances.
For example, the situation may arise where the pathloss
between the intermediate apparatus and the base station
changes or the target of the base station may change. Both of
these events leads to a change 1n the indicator dertved by the
base station and can advantageously be addressed by embodi-
ments of the first aspect ol the present invention. Both of these
events are advantageously dealt with by the first aspect of the
present invention which 1s triggered by detection of a change
in the indicator derived by the base station. Preferably, a
communication system embodying the first aspect of the
present mvention will comprise a deviation means which
monitors the, or one of the, indicators of the destination
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apparatus at all times. Thus, any deviation in the indicator
derived by the destination apparatus, can be detected quickly.

The first aspect alone may be sulficient to restore balance
across a multi-hop system following a change in the pathloss
between the mtermediate apparatus and the base station. In
many instances, the first aspect alone may be suificient to
maintain a balance across the multi-hop system. However, as
discussed above, 11 the pathloss between the source apparatus
and the intermediate apparatus changes (which may be due to
a change 1n the position of the source apparatus and/or the
intermediate apparatus and/or a change 1n environmental con-
ditions), this must be dealt with by embodiments of the sec-
ond aspect of the present invention. Thus, 1t 1s preferable to
provide a communication system which embodies both the
first and second aspect of the present invention. In this case,
the imbalance detection of the second aspect of the present
invention 1s performed periodically. Thus, according to a
preferred embodiment of the first aspect of the present inven-
tion said intermediate apparatus comprises indicator deriva-
tion means operable to dertve one or more indicators of the
quality of a communication signal received at the base station,
wherein said intermediate apparatus and said base station are
operable to transmuit said indicators to said control means, the
control means further comprising:

1) imbalance detection means operable to detect an 1mbal-
ance between the indicators of the base station and the
intermediate apparatus; and

11) second calculation means operable, following detection
of such an 1imbalance, to calculate a new transmit power
for the source apparatus which will tend to substantially
reduce said imbalance.

The situation may arise where a change 1n the target of the
base station 1s accommodated by a substantially simultaneous
change 1n the pathloss between the intermediate apparatus
and the base station. Thus, 1n the case where the indicator
deviation detection means of the first aspect of the present
invention 1s provided in the base station such that the base
station 1s operable to transmit a request to the control means
for a change 1n the transmit power of the intermediate appa-
ratus, no request for a change 1n transmit power of the inter-
mediate apparatus will be generated by the base station 11 this
situation does arise. This will lead to an 1mbalance 1n the
system which will go un-corrected by the first aspect of the
present invention, since the new target of the base station will
have been met (1nadvertently) but no corresponding change
will have been made to the transmit power of the source
apparatus. This, relatively rare, situation can also be handled
by a communication system which embodies both the first
and second aspect ol the present invention since the change 1n
the measure of the pathloss experienced between the inter-
mediate apparatus and the base station will be detected by the
pathloss updating means. The second calculation means 1s
then operable to calculate the change 1n the transmit power of
the source apparatus that 1s required to 1n order to tend to
balance a measure of the quality of a communication signal
received at the intermediate apparatus and a measure of the
quality of a communication signal recerved at the base station.

According to an embodiment of the first aspect of the
present mvention there 1s provided a method of controlling
the transmit power of one or more apparatus operable to
transmit a commumnication signal in a multi-hop communica-
tion system, the communication system comprising a source
apparatus, a base station and at least one intermediate appa-
ratus, the source apparatus being operable to transmit a com-
munication signal, via the or each intermediate apparatus, to
the base station, the method comprising the steps of:
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1) deriving one or more indicators of a quality of a commu-
nication signal received at the base station;

11) detecting a deviation 1n the, or one of the, said indica-
tors;

11) calculating, following the detection of such a change, a
new transmit power for the intermediate apparatus, or a
new transmit power for the intermediate apparatus and
the source apparatus, which will tend to: a) substantially
reduce an imbalance between a measure of the quality of
a communication signal received at the intermediate
apparatus and a measure of the quality of a communica-
tion signal received at the base station; or b) substan-
tially prevent said imbalance from arising.

According to an embodiment of the second aspect of the
present invention there 1s provided a method of controlling
the transmit power of one or more apparatus which 1s oper-
able to transmit a communication signal 1n a multi-hop com-
munication system, the communication system comprising a
source apparatus, a base station and at least one intermediate
apparatus, the source apparatus being operable to transmit a
communication signal, via the or each intermediate appara-
tus, to the base station, the method comprising the steps of:

1) deriving, at each of the base station and the intermediate
apparatus, one or more indicators of the quality of com-
munication signal recerved at the base station, or at the
intermediate apparatus;

11) detecting an imbalance between one said indicator
derived by the base station and one said indicator derived
by the intermediate apparatus; and

11) calculating, following the detection of such an 1mbal-
ance, a new transmit power for the source apparatus,
which will tend to substantially reduce said imbalance.

According to an embodiment of the first aspect of the
present mnvention there 1s provided a base station operable to
receive, via at least one intermediate apparatus, a communi-
cation signal transmitted by a source apparatus, the base
station comprising;:

1) indicator derivation means, operable to derive one or
more indicators of the quality of a communication signal
recetved at the base station; or

11) indicator deviation detection means, operable to detect a
deviation 1n one said indicator dertved by the indicator
derivation means; and

111) control means comprising first calculation means oper-
able, following detection of such a change, to calculate a
new transmit power for the intermediate apparatus, or a
new transmit power for the intermediate apparatus and
the source apparatus, which will tend to: a) substantially
reduce an 1mbalance between a measure a quality of a
communication signal recerved at the intermediate
apparatus and a measure of the quality of a communica-
tion signal received at the base station; or b) substan-
tially prevent said imbalance from arising.

Preferably, the base station 1s operable to receive an input
signal which allows the control means to determine 1t the
request 1s due to a deviation 1n the variation from target
indicator derived by the base station which arises due to a
change 1n the target recerved signal quality set for the desti-
nation apparatus. Furthermore, the control means further
comprises command means operable to 1ssue a command to
said 1ntermediate apparatus and/or said source apparatus,
commanding a change 1n the transmit power of the imnterme-
diate apparatus, and/or the transmit power of the source appa-
ratus 1 accordance with the new transmit power calculated
by the first calculation means.

Preferably, the base station further comprises indicator
receiving means, operable to receive an indicator from the
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intermediate apparatus, the indicator being indicative of a
quality of a communication signal recerved at the intermedi-
ate apparatus, the base station further comprising an 1mbal-
ance detection means operable to detect an i1mbalance
between one said indicator derived by the base station and one
said indicator recerved from the intermediate apparatus; and
wherein the control means comprises second calculation
means operable, following detection of such an imbalance, to
calculate a new transmit power for the source apparatus
which will tend to substantially reduce said imbalance. Pret-
erably, the imbalance detection means comprises a pathloss
updating means operable to determine a measure of the path-
loss experienced by a communication signal being transmuit-
ted between the source apparatus and the intermediate appa-
ratus, and between the mtermediate apparatus and the base
station.

According to an embodiment of a second aspect of the
present invention, there 1s provided a base station operable to
receive via, at least one intermediate apparatus, communica-
tion signal transmitted from a source apparatus base station,
the base station comprising:

1) indicator dervation means, operable to dertve one or
more indicators of a quality of a communication signal
recerved at the base station:

11) recerving means, operable to receive one or more indi-
cators from the intermediate apparatus, the or each 1ndi-
cator being indicative of a quality of a communication
signal recerved at the intermediate apparatus;

111) imbalance detection means operable to detect an 1imbal-
ance between one said indicator dertved by the base
station and one said indicator recerved from the inter-
mediate apparatus; and

11v) control means comprising second calculation means
operable, following detection of such an imbalance, to
calculate a new transmit power for the source apparatus
which will tend to substantially reduce said imbalance.

Preferably, the imbalance detection means further com-
prises a pathloss updating means operable to determine a
measure ol the pathloss experienced by a communication
signal being transmitted between the source apparatus and the
intermediate apparatus, and between the intermediate appa-
ratus and the base station. The control means preferably fur-
ther comprises command means operable to 1ssue a command
to said source apparatus commanding a change in the transmait
power ol the source apparatus to change 1n accordance with
the new transmit power calculated by the second calculation
means.

Communication methods carried out in a base station
embodying the present invention, an itermediate apparatus
embodying the present invention or in a destination apparatus
embodying the present invention are also provided.

Embodiments of the present invention are particularly use-
tul multi-hop systems 1n which the position of the relay node
1s fixed. Furthermore, embodiments of the present invention
advantageous 1n that either both regenerative and non-regen-
erative relays may be used. Furthermore, embodiments of the
present mnvention advantageously enable centralised control
of the setting of the transmit power to be maintained with
minimal processing required in the relay station. This 1s ben-
eficial to the operator as 1t keeps control located within a
central entity making management of the network much sim-
pler. Further, should the relay start to malfunction, then due to
the fact control 1s located 1n the base station (or Node-B) then
corrective measures are possible by the operator. Moreover,
the fact that processing 1n the intermediate apparatus 1s kept to
a minimum 1s advantageous in terms of reducing power con-
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sumption and thus maximise battery life, should the interme-
diate apparatus be a mobile or remote device.

The desired value may be the value of the indicator of the
quality of a communication signal derived by the destination
apparatus which 1s at, or close to, the target value set by the
destination apparatus, and when the system 1s substantially
balanced (1.e. a measure of a quality of a commumnication
signal received at the destination apparatus 1s 1n balance with
a measure of a quality of communication signal received at
the, or each, intermediate apparatus). Thus, embodiments of
the first aspect of the present ivention may be advanta-
geously used to maintain the quality of the communication
signal recerved by the destination apparatus at, or near, the
target value set by the destination apparatus. Thereafter, it
may be necessary for embodiments of a second aspect of the
present mnvention to optimise the systems ensuring a balance
1s achieved between the destination apparatus and the or each
intermediate apparatus.

Thus, 1t should be appreciated that the indication deviation
detection means may be used 1n a system which has already
been balanced, or optimised. Thus, a deviation from the
desired value, which may arise due to an event which results
in a change 1n a measure of a quality of a communication
signal at the destination apparatus will be detected, and the
required change the resource allocated to the previous inter-
mediate apparatus determined.

The required change 1n resource allocation will be calcu-
lated by the first calculation means. It the change 1n indicator
1s due to a change 1n target, the first calculation means will
also be operable to calculate the new transmit power for the
source apparatus that will tend to prevent an imbalance, due to
a new target quality at the destination apparatus being satis-
fied, from arising. I the target has not changed, but the path-
loss has changed such that the quality of the communication
signal has altered, the calculation means only need calculate
a new transmit power for the intermediate apparatus 1n order
for a balance to be maintained. Changes 1n pathloss between
the source apparatus and the mtermediate apparatus, which
lead to a change 1n the RSS/SINR at the intermediate appa-
ratus, must be dealt with by systems/methods which embody
the second aspect of the present invention, or which embody
both the first and second aspects of the present invention.

Embodiments of the present invention may be imple-
mented within a wireless communication system employing
any multiple access technique, including but not limited to:
frequency division multiple access (FDMA), time division
multiple access (TDMA) code division multiple access
(CDMA) and orthogonal frequency division multiple access
(OFDMA). In the case of a CDMA system, in which all
transmissions occur in the same frequency band and each
transmission1s assigned a unique channelisation code, the Gp
factor represents the spreading factor or length of the code
used to spread the transmitted signal otherwise known as the
processing gain. Inthe case of orthogonal spreading codes, up
to Gp channels are available for simultaneous transmission.

The actual calculation to be performed by the first and
second calculation means may be derived in a number of
possible ways. One possible derivation, which 1s based on a
consideration ol the SINR at each of the receiving elements 1n
a multi-hop network, and can be developed specifically for
the case of uplink transmitting calculating the optimal trans-
mit power of the transmitting elements comprised 1n a multi-
hope network for various deployment scenarios. The skilled
person will appreciate that alternative solutions may be
derived from consideration of other types of measures of the
quality of a communication signal at the recervers of a multi-
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hop network and the underlying principal of the present
invention that these measures should be balanced.

It should be appreciated that the term “user equipment”
encompasses any device which 1s operable for use 1n a wire-
less communication system. Furthermore, although the
present invention has been described primarily with reference
to terminology employed 1n presently known technology, 1t 1s
intended that the embodiments of the present invention may
be advantageously applied in any wireless communication
systems which facilitates the transmaission of a communica-
tion signal between a source and destination, via an interme-
diate apparatus.

In any of the above aspects, the various features may be
implemented 1n hardware, or as software modules running on
one or more processors or as a combination of these. The
invention also provides operating programs and (computer
programs and computer program products) for carrying out
any of the methods described herein, and computer readable
media having stored thereon programs for carrying out any of
the methods described herein. A program embodying the
invention may be stored on a computer-readable medium, or
it could, for example, be 1n the form of a signal such as a
downloadable data signal provided from an Internet web site,
or 1t could be 1n any other form.

For a better understanding of the present invention and to
show how the same may be carried into effect, reference will
now be made, by way of example, to the accompanying
drawings 1n which:

FIG. 1A 1llustrates a single cell/relay model of a wireless
communication system;

FIG. 1B illustrates a two cell/relay model of a wireless
communication system;

FIGS. 2A and 2B each show a graphical representation of
the theoretical gain that may be achieved by a multi-hop
communication system based on pathloss equation (A);

FIG. 3 illustrates an algorithm embodying the first aspect
of the present invention;

FIG. 4 1llustrates an algorithm embodying the second
aspect of the present invention;

FIG. 5 1llustrates the relationship between source transmit
power and intermediate transmit power 1n the case of a multi-
hop communication system having a non-regenerative relay
node and using an FDD duplexing technique;

FIG. 6 1llustrates the relationship between source transmit
power and itermediate transmit power in the case of a multi-
hop communication system having a non-regenerative relay
node and using a TDD duplexing technique;

FIGS. 7A and 7B illustrate the optimal NB transmit power
as a function of RN transmit power;

FIG. 8 shows a graphical 1llustration of the variation 1n the
average gain 1n throughput observed by users of a multi-hop
system as compared to that observed for a single hop system:;
and

FIG. 9 1llustrate the optimal NB transmit power as a func-
tion of RN transmit power where 1t 1s assumed that the com-
munication link between the source and destination apparatus
has a 3 dB gain compared with the shorter multi-hop links.

An example of an algorithm which implements an embodi-
ment of the first aspect of the present invention will now be
described with reference to FIG. 3, in which the source appa-
ratus comprises a user equipment (UE), the intermediate
apparatus comprises a relay node (RN), which 1s of the regen-
crative type, and the destination apparatus comprises a base
station (NB). The base station continually monitors the RSS
and derives indicators ol the RSS and the vanation from target
RSS. The base station 1s provided with indicator deviation
detection means for detecting a change in one or both of these
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indicators. The base station 1s also provided with a control
means having a first calculation means according to an
embodiment of the present invention.

In order to enable an explicit calculation of a new RN
transmit power following a change 1n an indicator derived by
ne NB, the control means in the NB requires knowledge of
e current RN transmit power. Two techniques for obtaining
11s 1nformation are available: 1) The NB has knowledge of
he 1nitial transmit power of the RN as well as the maximum;
his knowledge 1s either inherent or signalled when the RN
connects to the NB. The NB then tracks the RN transmuit
power as commands to change 1t are 1ssued or 2) The RN
reports the current transmit power to the NB preventing the
need for tracking 1n the NB. This algorithm assumes the first
technique 1s used since it benefits from lower signalling com-
plexity.

The details of the algorithm are summarised as follows:

Uplink Algorithm 1: Part 1
Trigger: Request for change in RN transmit power in NB

Algorithm Input Required by Origin

Request for change in RN NB Derived in NB

Transmit Power

RN Transmit Power NB Tracked/calculated in the NB

UE Transmit Power NB Tracked/calculated in the NB
Destination &

Algorithm Output Derivation Signalling Requirement

New RN transmit power Explicit calculation  Relative change in RN
transmit power signalled
to RN

Relative change in UE
transmit power signalled
to UE via RN

New UE transmit power  Explicit calculation

The following sequence takes place following detection of
a change 1n an indicator derived by the base station 1n order to
1) substantially reduce an imbalance between a measure of the
quality of a communication signal received at the intermedi-
ate apparatus and a measure of the quality of a communica-
tion signal received at the base station; or (NB) 11) to substan-
tially prevent said imbalance from arising.
1. The control means of the NB calculates a new transmat
power for the RN taking into account the transmit power
limits of the RN;
2a. If the change detected by the indicator deviation detection
means of the base station 1s a result of the pathloss changing
between the intermediate apparatus and the base station (such
that the indicator of SINR will change), the control means of
the base station transmits a command to the RN commanding,
a change in the transmit power of the RN; or
2b. If the change detected by the indicator deviation detection
means of the base station 1s a result of a change in the target
quality indicator set for the base station (such that the indica-
tor of variation from target RSS will change) then:

1) the first calculation means also calculates a new transmit
power for the source apparatus (UE) which corresponds
to the calculated new transmit power for the RN. In the
case of a CDMA system, the first calculation means
modiiies the calculated value of the new transmit power
of the source apparatus so as to minimise the so-called
“near-far” effect. Thus, the transmit power of the UE

may be increased or decreased from the optimal value.
The modification will depend on the requ1rements of the
operator of the system since the effect of 1 Improper

power balancing reduction 1n performance gain from
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multi-hopping must be weighted against a reduction 1n
performance at a recerver 1n a multi-user scenario due to
all the recerved signal levels not being equal.

11) the NB checks that the adjustment 1n the transmit power
of the UE needed to meet the calculated new transmut
power can be met, taking into account the maximum
transmit power of the UE. If it 1s determined that the
calculated new transmit power of the UE cannot be met,
the first calculation means calculates a revised new
transmit power for both the RN and the UE. In the case
of a CDMA system, the first calculation means modifies
the calculated value of the new transmit power of the
source apparatus so as to minimise the so-called “near-
far” efl

ect; and

111) the control means 1ssues a command to the RN and the

UE commanding a change in the transmit power of the

RN and the UE in accordance with the new transmait
powers calculated by the first calculation means.

The algorithm described above will manage the case of the

propagation loss varying between the RN and the NB and the

case of the NB modifying its target RSS. In order to .

handle the
case of the propagation loss varying between the UE and the
RN, and the case that both the target in the NB and the
propagation loss between the RN and NB varies, such that the
above algorithm will not operate to determine the new trans-
mit power for the UE, an algorithm which implements an
embodiment of the second aspect of the present invention
operates periodically as discussed below.

The details of the algorithm may be summarised as fol-
lows:

Uplink Algorithm 1: Part 2
Trigger: Periodically executed in NB

Algorithm Input Required by Origin

RSS at RN NB Signalled from RN

RSS at NB NB Monitored in the NB

RN Transmit Power NB Tracked/calculated in the NB

UE Transmit Power NB Tracked/calculated in the NB
Destination &

Algorithm Output Derivation Signalling Requirement

New UE transmit power  Explicit calculation  Relative change in UE
power signalled to UE
via RN

New RN transmit power Explicit calculation Relative change in RN

power signalled to RN
Derived from difference

between Tx and Rx
power. Used in NB.

Propagation losses Explicit calculation

This algorithm may be advantageously executed 1n addi-
tion to the algorithm discussed above with reference to FIG.
4. Alternatively, 1t 1s also possible for the algorithm described
with reference to FIG. 4, or the following algorithm, to be
implemented separately 1n a wireless multi-hop communica-
tion system.

The algorithm assumes that an indicator of the quality of a
communication signal (RSS) dertved by the RN 1s reported to
the NB. The NB monitors the indicator derived by the RN and
by an 1indicator dertvation means of the NB, 1n order to facili-
tate calculation of the propagation loss across the two links by
the second calculation means. The NB requires knowledge of
the RN transmit power and the UE transmit power and this
knowledge may be obtained by one ol two techniques.: 1) The
NB has knowledge of the imitial transmait power of the RN/UE
as well as the maximum; this knowledge 1s either inherent or
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signalled when the RN/UE connects to the NB. The NB then
tracks the RN/UE transmit power as commands to change it
are 1ssued or 2) The RN/UE reports the current transmit power
to the NB preventing the need for tracking in the NB. This
algorithm assumes the first technique 1s used since i1t benefits
from lower signalling complexity.

1. The NB monitors the indicators of the receirved signal
strength dertved by both the NB and RN. Using this in con-
junction with the knowledge of the RN and UE transmit
power 1t updates the propagation loss for the UE-RN and
RN-NB links:

2. If achange 1n either the UE-RN or RN-NB propagation loss
1s detected then the updated propagation loss 1s used by the
second calculation means, in conjunction with the knowledge
of the RN transmit power, to calculate the optimal UE trans-
mit power. In the case of a CDMA system, the first calculation
means modifies the calculated value of the new transmit
power of the source apparatus so as to minimise the so-called
“near-far” effect. If no change 1n propagation loss 1s detected
then the current 1teration of the algorithm terminates;

3. The NB checks whether the calculated optimal transmut
power differs from the current UE transmit power.

3a. If 1t does not differ, then the current iteration of the
algorithm terminates; or

3b. It 1t does difter, then:

1) 1f the calculated new UE transmit power can be met (1.¢.
the maximum transmit power of the UE will not be
exceeded) then NB signals a command to the UE for the
UE to adjust 1ts transmit power in accordance with the
new transmit power calculated by the second calculation
means; or

11) 1f the calculated UE transmit power cannot be met then
the UE transmit power 1s modified to one that can. The
second calculation means then calculates the new RN
transmit power that ensures optimal balance. The NB
then signals a command to the UE and the RN com-
manding an adjustment 1n transmit power 1n accordance
with the new transmit powers calculated by the second
calculation means.

Theoretical Analysis

The following theoretical analysis derives possible solu-
tions for calculating the optimal transmit power of the trans-
mitting elements comprised 1n a multi-hop network for vari-
ous deployment scenarios. Whilst the equations are
developed solely for the case of the connections that form the
downlink in a multi-hop network, 1t 1s straightforward to
adapt the equations derived for the case of the uplink. Such an
adaptation 1s achieved by adopting the same methodology
used to develop the expressions for the received SINR at the
receiving nodes, where the transmitting nodes are now the UE
and the RN and the recerving nodes are now the NB and RN.
Once expressions for the SINR received at the RN and NB are
arrived at, the same methodology can be employed for each
deployment scenario 1n order to determine the optimal trans-
mit power setting of the UE and RN. For each deployment
scenario, theoretical solutions are obtamned assuming a
single-cell model and a two-cell model. In the case of a two
cell model, 1t 1s assumed that the deployment 1n both cells 1s
identical and that the transmit powers on the bas station (BS)
and the intermediate apparatus (I) are the same. It 1s also
assumed that where appropriate P, ., »\~G P, zy and
P orns—0,P s and that for the case of TDD both RN’s
transmit at the same time. This 1n effect generates the worse
case scenario for two cells.

Theoretical solutions may be evolved from a consideration

of the signal-to-interference plus noise ratio (SINR) experi-
enced by the receiving nodes 1n a multi-hope system (1.e. the

10

15

20

25

30

35

40

45

50

55

60

65

18

or each intermediate apparatus (I) and the destination appa-
ratus (D)). The SINR at a particular node 1s a measure of the
quality of a communication signal recerved by that node and
1s a ratio of the received strength of the desired signal to the
received signal strength of the undesired signals (noise and
interference).

As previously discussed, the considerations required for
noise and interference depend on the duplexing method used
to separate signal received at an intermediate apparatus from
those transmitted from an mtermediate apparatus, the char-
acteristics of the mtermediate apparatus and also the level of
inter-cell interference which 1s taken into account (1.¢. inter-
ference from neighbouring cells).

The following equation represents the SINR of a commu-
nication signal sent from an intermediate apparatus to a des-
tination apparatus for all scenarios, where different terms
may be ignored depending upon the type of intermediate
apparatus (e.g. non-regenerative or regenerative) and the
duplexing method:

Gp P ri
SINRpy_ 1 =
RNV -UE ; N Py ry N P tot.NB
RN—UE
( Len—vESINRyp_ Ry Lyp—vE )

For the case of FDD instead of TDD then the third term 1n
the bracket 1s removed and for the case ol regenerative instead
of non-regenerative the second term 1in the bracket is
removed.

Inthe case of atwo-cell model as illustrated in FIG. 1B, this
becomes:

G, P
SINR ey 15 (Gp P, rv1)

P ri1
LRNI—UE(N + +

Lan1—vESINRyp1_RrN1

P totnvB2 P tot. RN2
+ + )
Lypr—vE Lpno—vE

P tot MBI

Lyp1-vE

The first three terms 1n the bracket 1n (2) are the same as
those 1n (1). The additional last two terms originate from the
interference experienced from the neighbouring co-channel
NB and RN respectively. Obviously 1f the neighbouring cell
employs a different frequency or uses a different timeslot for
relay transmission then the terms needed to model this inter-
terence will vary. It should be appreciated that these equations
can be extended to a three-cell model or more for a higher
level of accuracy.

Considering now the various possible deployment sce-
narios 1n turn, for the case of DL transmissions transmitted
between a base-station or node-B (NB), via an intermediate
relay node (RN) to a destination user equipment (UE).
1A. Regenerative Relay with FDD—Single-Cell Model as
[llustrated 1n FIG. 1A

In this case, the SINR at a destination UE which 1s con-
nected to an intermediate RN 1s given by:

Gpprx,RN (1)

SINRpy _vE =
Lpy_vuEN

Where GP i1s the processing gain, P, z, 18 the transmit
power on the channel of interest at the RN, L., ;« 1s the
propagation loss onthe NB to RN link and N 1s the noise. Note
this assumes that no intra-cell interference exists.
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The SINR at an intermediate RN which 1s operable to
receive signals from the NB 1s given by:

Gp PTI,NB
Lyp—rv N

(2)

SINRyg gy =

Where P, _,; 1s the transmit power on the channel of inter-
est at the NB and L., 5_»A 1 the propagation loss on the RN to
UE link. Again, 1t 1s assumed that no intra-cell interference
exists.

The overall throughput across the multi-hop link will be
limited by the lower of the two SINR values as this will limat
the rate at which data can be transmitted to that entity. Any
increase in transmit power that causes an SINR 1mbalance
will not improve the performance of the multi-hop system; it
will simply result 1n wasted energy and an increase in inter-
ference to any co-channel users.

Thus, assuming that the receiver at the intermediate RN
and the recerver at the destination UE perform the same, then
it follows that the transmit power at the NB and RN should be
set such that the SINR at the RN and UE 1s the same. Using
this criterion for setting the ratio of the transmit powers, it
tollows that the ratio 1s given by:

(3)

7]
‘blSl

— — !
Porv  Lrn-UE  bysy®

Pong  Lyp—rwy

Where b, and n, are the pathloss parameters for the NB to
RN link which 1s s, 1n length and b,, n, and s, are associated
with the RN to UE link. Thus using equation (3) 1t 1s possible

to find either transmait power given the other.

1B. Regenerative Relay with FDD—Two Cell Model as
Shown in FIG. 1B

In this case, transmit power equations may be derived
taking 1into account interference caused by transmissions aris-
ing in the other cell.

In this case the SINR at a destination UE that 1s operable to
receive signals from an intermediate RN 1s now:

Gp P ri
Gp PH,RN ]

Lpn—vE

(4)
SINRpy _yE =

Lan_uE (N +

The optimal NB transmit power can be found by setting (4)
and (2) to be equal.

Therefore:

(3)

Lyg_rvNPr i

G.P.
LRN—UE(N‘l‘ Z IFRN]
Lryn_vE

Pong =

Lyg_ry P, gy

Gp P Ry
(LRN—UE + N ]

(5) can be rearranged to find the imntermediate RN transmait
power given the source NB transmit power:
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b Lrn-vE (6)
xRN — (LNB—RN ] %]
Pong N

2A. Regenerative Relay with TDD: Single Cell Model—FIG.
1A

It 1s assumed that the two links (source to intermediate,
intermediate to destination) operate on the same frequency
with TDD being used to separate the receive and transmit
operation of the RN (i.e. 1t 1s no longer full duplex). I1 1t 1s
assumed that the timeslot in which the RN transmits 1s not

used by the NB then the equations described above for the
case of a regenerative relay with an FDD duplexing scheme

can be used. However, 11 the source NB uses the same timeslot
as the mtermediate RN to communicate with apparatuses or
nodes other than the NB, interference will result to the trans-
mission made by the RN. In this case the SINR at a destination

UE that i1s operable to receive communication signals from an
intermediate RN 1s given by:

Gp P riv
Ley_yp(N +1)

(7)

SINRpy _vE =

Gp P ri
P tx_tot,NB ]
Lyp_uE

LRN—UE(N +

Where P, ., 5 18 the total transmission power from the
NB and L ,5_; = 1s the propagation loss on the NB to UE link.
In this case the transmit power at the RN that ensures equal
SINR 1s given by:

Ley_vE
P ryv = PH,NB( )(1 +

P tx_tot, NB ] (8)
Lyp_gn

NLyp_vE

Comparing equation (3) and equation (8) 1t 1s apparent that
a simple ratio no longer yields the 1deal balance. Assuming
that P, ., n5=G, P, np 1t 18 possible to write equation (8) as:

(9)

Lpy_vE
P ry = PH,NB( )(1 +

Gp Po NB ]
Lyp_gn

NLyp_vE

From (9) it 1s possible to determine the 1deal RN transmit
power given the NB transmit power. It 1s worth noting that 11

the set-up of the system 1s arranged such that the second term
in the second bracket 1s negligible (.e. P, ., 35/

NL 5 =<<1) then the criterion described above for the case
of a regenerative relay with an FDD duplex scheme can be
used.

It follows that the 1deal NB transmit power given a certain
RN transmit power can be found from the roots of (9).

Expressing (9) in the following simplified form:
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Lon_ Lpn_ G 10
RN—UE Py + RN—UE P_po R (10)
Lyp—ry Lyp—pny NLyp-uvg

ax* +bx+c =0

Where

X = PunB,

G,Lpy—UE

a = ,
NLyp_gn Lnp—UE

. Lpn-vE
Lyg—ry

and

¢ =—Pu ry

it follows that the roots of (10) are given by:

_b+ b2 —4ac (11)

2a

X =

As the transmit power 1s a positive number, only one root 1s
defined, it therefore follows that the optimal transmit power at

the NB that ensures equal SINR at the RN and UE 1s given by:

b+ b +4aP, g (12)

2a

X= Py g =

Finally, it 1s possible to use the definitions above to rewrite
(9), which gives the optimal RN transmit power, in a similar
simplified form:

P rx,RN:bP e Ngtal’ :I,NBE (13)

2A. Regenerative Relay with TDD: Two-Cell Model as
Shown 1n FIG. 1B

In addition to assuming that the deployment in both 1s
identical and that the transmit powers on the NB and RN are
the same, 1t 1s also assumed that where approprate
Po sorrv=G P ryv and P, . xvp=G, P, s and that for the
case of TDD both RN’s transmit at the same time. This 1n
elfect generates the worse case scenario for two cells.

In this case the SINR at the destination UE that 1s operable
to receive signals from an intermediate RN 1s now:

G, Py rN (14)
SINRpy 1 = .
VOB szPrx,NB GpPII,RN
LRN—UE N + 7 + 7
NE—UFE RN-UE

The optimal NB transmit power can be found by setting
(14) and (2) to be equal:

GpPung G P, RN (15)
NLyg py 2G P, G, P,
o LRN_UE(N T L:fﬂ r.:_f T LZ?NI j;]
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-continued
Ly — 2P, ., P. .
Prx, RN = Prx,NB( vV -k )(1 + b_tot, NB n-tor RN]
Lng— Ry NL nB - UE NL gy

(LRN—UE)( 2G , ]Pz N
Lyg_gyv/\ NLng_yg) ™"

( LRN—UE)(l . GoPu ry
Lyp_ ry NL gy — UE

]Prx, NB — P RN

The optimal NB transmit power 1s found from the positive
root of:

Lpn—vE 2G,
( )( ]Pgr,NE +
Lyg prv A NLyg_uE

Lpn_
T

(16)

Gp Prx, RN

NLpn_UE

]Prx,wﬂ — Popy =0

Which 1s given by:
—b+ Vb2 — dac (17)
X=Pynp = 5
a
Where 1n this case
o 2G, Lan_uE
NLyp ryvIng—vE
Lpan G, P
y — RN UE(“_ pEtx RN ]and
Lyp_grn NLpn_UE
¢ =—Pu ry,

and both b and ¢ are a function of the RN transmit power.

(Giventhe NB transmit power it 1s possible to rearrange (135)
to find the RN transmit. It follows that the optimal RN trans-
mit power 1s given by:

(18)

( 2G,
NLyg uE Ly Ry Lyp gy

| _( Gp,  Lpy-uE
NLpy_uE Lnp—RrN

Lry_uE ] 5 ( Lrn_uE

Poong T )P tx,NB

Pory =

] P NB

3A. Non-Regenerative Relay Node (RN) with FDD—Single
Cell Model as Shown 1n FIG. 1A
The difference between this case and that of a regenerative

relay node being used 1n conjunction with a FDD duplexing
scheme 1s that the SINR at the UE 1s a function of the SINR at

the RN, where the SINR at the destination UE which 1s
connected to the RN 1s given by:

Gp Prx, RN

N P ry )
Lay_vSINRyp_ gy

(19)
SINRpy_yE =

LEN—UE(N

Theresultis that the 1deal balance 1s no longer derived from
setting the SINR at the UE equal to that at the RN. According
to (19), the SINR at the RN needs to be set so that 1t does not
prevent this target SINR at the UE from being obtained.
However, the NB power must be controlled to limit the SINR
at the RN rising beyond that practically required else excess
interference and wasted transmit power will result.
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FIG. 5 1llustrates how the setting of NB and RN transmit

power allects the SINR at the UE connected to the RN for a
two different deployment scenarios.

Thus, 1t can be seen that the optimal solution 1s to select the

transmit power of the NB and RN such that the system effec-
tively operates on the diagonal fold 1n the surface shown in
FIG. 5. It 1s possible to realise such a solution by taking the
first dertvative of (19) and finding the point at which increas-
ing either the NB or RN transmit power results 1n minimal
increase to SINR at UE.

In order to determine the first derivative of (19), 1t 1s rewrit-

fen as:

G, P ry (20)
SINRpy _yE = - ? 5 :
tx, RNV
Lpy_vg| N + Cp
7 ptx NB
\ RN—UE 7=
|
(NLRN—UE ] . (NLNB—RN ]
Gp P ri G%PronB
Defining
NLpn_UE NLyp_ gy
y=SINRpy_vE, k1 = = and k, = ez
p p

it 1s possible to simplity (20) to be:

) = 1 ~ Puns (21)
ki . ko k1 PoonB "
2
Porv  Paowns P rN

In order to find the rate of change of SINR with P,_,; the

quotient rule for differentiation 1s used:

dy K2
d(Pnng) ( Ky

P RN

(22)

= Vng

>
P ng + kz]

By solving (22) for P,_,; given the required gradient and
P,. zn 1t 18 possible to find the optimal NB transmit power:

(23)

/ 3\
p. 2 L
ic, RV VNB 2
\ /

Pong = p
1

In order to find the optimal RN transmit power given that of

the NB, the differentiation of (21) 1s now performed with

respect to P, A~ In this case the first order derivative 1s given

by:

dy ki
d(Pygy) ( ko

Puo nB

24
Ve (24)

>
Poorv + kl]

24

And the optimal RN transmit power given that of the NB 1s:

(25)

PicnB

P ry = T
y

3B. Non-Regenerative Relay Node (RN) with FDD—Two

10 Cell Model as Shown 1in FIG. 1B.
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In a two cell model the SINR for the worse case of a

destination UE at the cell edge 1s given by:

G, P riv (26)
SINRov_ 115 = 7T
N -UE P tx, RN Gp P tx, RN
LRN—UE(N -+ ’ -+ ’ ]
Lan—vESINRNp—pny Lrn—vE

1

(NLRN—UE ] ( NLyp_gN ]
B + 1
Gp Pr,RN G2 PronB

Assuming that the transmit power of the two RN’s 1s equal,

the deployment 1s 1dentical across the two cells and that
P rorrnv=C,P 4 za» then the simplified form of (26) 1s given
by:

1 (27)

K1 K7
_I_

SINRpy_vE =
+ 1

Punrv  Puaows

Py nB

+ l]Prx,NB + k7

( 1
P RN

The first derivative 1s now:

dy )
d(Pxnp) (( ky

P rN

(28)

>
+ I]PII,NB + kz]

Thus the optimal NB transmit power can be found by:

ko
P RN = — ko

ki + P rv

(29)

Pong =

The optimal RN transmit power 1s found by taking the

derivative ot (27) with respect to P, -

ny B f(l
d(Pu ry) (( ko

Pu nB

(30)

2
+ 1]PII,RN + kl]

Thus the optimal RN transmit power can be found by:

: ki
P nB = — Ky

ko + Po v

(31)

P ry =
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4A—Non-Regenerative Relay with TDD—Single Cell
Model as Shown 1n FIG. 1A

This case 1s similar to that described above for a non-
regenerative except for the fact that now interference from the
NB must be taken into account due to the fact that 1t transmits
on the same frequency and at the same time as the RN. In this
case the SINR at the UE which 1s receiving communication
signals transmitted by the RN 1s given by:

Gp PL‘.:,RN

N Py ry .
Ley_ueSINRyg_ry

(32)
SINRpy _yE =

P tx_tot, NB ]

Lan_uE (N
Lyg_vE

Ifthe P, _,5/P,. ga1s too large the SINR at the UE 1s limited
due to insuificient RN transmit power and 1t 1s likely the area
in which the link performance of a connection to a RN out-
performs that for a connection to the NB 1s reduced. Con-
versely, 1f 1t 15 too small then the SINR at the UE 1s limited by
the low SINR at the RN.

In this case, the balance 1s even finer than of that described
in the case of a non-regenerative relay node employed 1n
conjunction with an FDD duplexing scheme, as 1llustrated by
FIG. 6. The optimal operating point 1s given by finding the
point at which the first dertvative of (32) 1s equal to zero. In

order to find this optimal point, (32) 1s first rearranged 1n the
tollowing form:

G, P, 33
SINRew_ o = » P RN (33)
( P ri P tot, N8
LRN—UE N + P -+ 7
LRN—UE( pL 1 NB ] NB—UE
NLyp_grn /
1
- (NLHN—UE ] N (NLNB—RN ] N (LRN—UEPH,NB ]
Gp Pr,RN G2 Pu,NB Lng—UE Prx,RN
Defining
NILpan_ N wn_
y=SINRpy_vE, k1 = M and ks = NBZ il
G, G2

Using the definitions from the description 1n 3A above and

ks =

( Len_UE )
Lyp_vE

it 1s possible to simplify (33) to:

) 1 (34)
y‘( k ] ( k2 ] (kmx,w]
+ +
P RN Py NB P ri
Py nB

]Prx,NB + ko + (

1 K3 P2
P P TI,NB
tx, RN tx, RN

The next step 1s to find the single maxima of the parabolic
function 1n (34) by solving:
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(35)

Using the quotient rule to find the first dertvative of (34):

ki ks

(30)
P ng + ko +

P%r,NB o

P ri RN

Ky 2k
P nB ]

+
2
P

Py
cﬁ’y ) t ,NB(
d(Pxnp) ( ki

P ry

Py ry
ks

o, RN

P Ry

Pronp + ko +

The maxima of v 1s found by setting (36) equal to zero and
solving for P, 5. It tollows that the maximum SINR at the
UE 1s obtained by setting:

ki (37)
B P ng + Ky + . "
tx,RN 1 3
r = Pfx,NB(P + P Pfx,wﬂ]
3 ) tx, RV tx, RV
P PI‘I, NB
ix, RNV

Therefore, given the transmit power ol the RN 1t 1s possible
to use (37) to find the corresponding NB transmit power that

ensures maximum SINR at the UE that 1s connected to the
RN.

For the case of finding the optimal RN transmit power
given the NB transmit power a similar approach to that
described 1n above 1n the case of a non-regenerative relay
node employed in conjunction with an FDD duplexing
scheme, can be used as the SINR at the UE 1s not a parabolic

function of RN transmit power. In order to find the optimal
RN transmit power, (34) 1s rearranged to the following;:

1 (38)
)

( k1 ] . ( ] . (1’% P nB ]
Pu.ry Pu.nB Py ry
Pa ry

] + k3 P g + k9

y:

( Pu rvko
Py nB

The first derivative 1s now:

dy k3P np + K1 _ o (39)
d(Pxrv)  ({ P.. pvk 2
A (( RN T2 ] + k3 P vp + kl]
Py nB

Solving (39) for P, . gives the optimal RN transmit
power given the NB transmit power:

(40)

{ 3\
k3P np + Ky
P nB \/ r — (ks Py + k1)

Pory =
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By observing the surface in FIG. 6 and from the form of
(34) and the result in (40) 1t 1s apparent that 1f the NB transmiat
power 1s small then the rate of change of SINR with RN

transmit power will decrease with increasing RN transmit

power. However, for the case of large NB transmit power, the 5
SINR at the UE approximates to a linear function of RN
transmit power. The result 1s that 1n this case the solution to
the problem, as summarised 1n (40) will be infinite.
4B—Non-Regenerative Relay with TDD—Two Cell Model
as Shown in FIG. 1B 10
The worse case, from the perspective of a UE at the cell
edge, 1s when the neighbouring cell employs a TDD scheme
with the same timeslot used for RN transmission. It 1t 1s
assumed that the cells are equal 1n size with the same deploy-
ment and  transmit power  settings and  that 15
sz_mr,RNfNB:Gpsz,RMNB then:
G, Pr ri
SINR o115 = i,
RV-UE Pp. kN 2G ,Prng GpPr iy
LRN—UE N + -+
Lry —vESINRnB — R1 Lng - UE Lry —UE
_ 1
- (NLRN—UE] N (NLNB—RN ] . (QL Ry — UE PrenB ] 1
GpPr Ry G2 PunB Lng—UE Prc RN
In this case the simplified form of (4) 1s:
30
SINRK = : (42)
+ + W NB +
Porv  Pong  Puoorw PNE
B P nB 3
k 2k
( : -+ l]Pn:,NB +k2 -+ ‘ ngNB
P RN RN
And the first derivative 1is: 40
2k 473
( l +1]Prxwﬂ+k2+ > P ng — &)
P rN ’ Pory 7
45
Ky 4k 4
p PH,NB( + 1+ Prx,NB]
y oo tx, RN tx, RN
d (P, ng) k 2k 2
i (( l+ 1]Prx,wﬂ + ko + - Pfxwﬂ]
P rN RN
50
Finally, the maxima 1s given by setting (43) equal to zero
and solving for P NB:
55
k 2k 44
( : +1]PII,NB+IC2+ ) P%INB: ( )
P RN Pr.RN
P (kl +1+4k3P ]
tx,NB Prx,RN Prx,RN tx.Nb
60
2ks Afcs
ko + Pz g =
’ Do RN B Py RN NG
P rvko
P N5 = ’
tx,NB J 21(3 6
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In order to find the optimal RN transmit power given the
NB transmit power (42) 1s rearranged to:

1 (45)
ks

P RN

y = i

P RN

%)

P NB

+

PH,NB + 1

P ri

ko P riv
ki + + 2k3 P nvp + P ry

Pu nB

(41)

The first derivative 1s now:

dy

d(Pory)
RN (kl + 2/(3 Pz‘x,Nﬂ + PH,RN(l +

ki +2k3 Py B (46)

=V

Ko

2
Py nB ]]

Solving (46) tor P, zn gives the optimal RN transmit
power given the NB transmit power:

(47)

ki +2k: P,
Prx,NB\/ l sl — (k1 + 2k3 Py np)

v
(Pong +42)

P RN =

Again, 1n the case of large NB transmit power, the SINR at
the UE approximates to a linear function of RN transmit
power. The result 1s that the solution to (47) will be infinite.

The optimal transmit power balance will now be deter-
mined based on the solutions developed above for the difier-
ent relay and duplexing schemes and for two separate deploy-
ment scenarios. These deployment scenarios are summarised
in Table III and the propagation parameters of the pathloss
equation 1n (48) are 1n Table IV.

L=b+10#n log d

(48)

Where L 1s the pathloss in dB, b 1s 1n dB and 1s given 1n
Table along with n, and d 1s the transmitter-receiver separa-
tion 1n meters.

TABLE 111

Deplovment scenarios

Scenario
Parameter 1 2
Cell Radius 1867 m
Relay Position 933 m 1400 m
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The transmitter receiver separation 1s the same as the cell
radius (1.e. the UE 1s located at the cell radius). The RN
position quoted 1s relative to the centre of the cell which 1s
where the NB 1s located. The RN positions are therefore the

distance from the NB to RN. The RN-UE 1s then the differ-
ence of the cell radius and the NB-RN separation.

TABLE

IV

ngaga‘[iﬂn Earameters.

Link
Parameter NB-UE NB-RN RN-UE
b (dB) 15.3 15.5 2R
n 3.76 3.68 4

Regenerative Relay

Substituting the values given in Table 111 and Table IV mto
equations (3) and (5) for FDD and (12) and (17) for TDD 1t 1s
possible to find the optimal NB transmit power given the RN

transmit power. FIG. 7A shows the optimal NB transmit
power as a function of RN transmit power for both FDD and
TDD for the two deployment scenarios.
Non-Regenerative Relay with FDD

Substituting the parameters into (23) and (24) 1t 1s possible
to find the optimal NB transmit power for the two deployment
scenarios, as shown in FIG. 7B.
Non-Regenerative Relay with TDD

Substituting the parameters into (37) and (44) 1t 1s possible
to {ind the optimal NB transmit power for the two deployment
scenarios, as shown in FIG. 7C.
System Level Simulation Results

System simulation of a multi-hop HSDPA network
employing non-regenerative relays with TDD duplexing with
relays transmitting 1n every third transmission time interval
have been conducted 1n order to validate the predicted
throughput gain optimal transmit power setting based on
results of FIG. 7C, with the average packet call throughput

gain being determined as the transmit powers of the RN and

NB are varied around the optimal point.
Results of a system level simulation for the two deploy-

ment scenarios detailed above 1n Table 111 will now be pre-

sented. The simulation parameters are listed below in Table V
and Table V1.

TABLE V

Deployment parameters

Parameter Value
Base Station Inter-cell Separation 2.8 km
Sectors/cell 3
Antenna Height 15m
Antenna Gain 17 dB1
Relay Station RN antenna 120°
Position L/ and %4 cell radius
Num/cell 9
Antenna Height 5m
Antenna Gain 17 dB1
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TABLE V-continued

Deplovment parameters

Parameter Value
User Number per sector 50
Equipment Initial Distribution Random
Velocity 3 km/h
Direction Semi-directed
Update 20 m
Traffic Models WWW
TABLE VI
Simulation parameters
Parameters Value
Base Station/  HS-DSCH power Variable
Relay Node CPICH power 20% of total
HARQ scheme Chase
HS-DSCH/frame 15
Relay bufier size 1.78 Mbits
Ack/NAck Detection Error free
NB Scheduler Round Robin
Relay type Amplify & Forward
User Thermal Noise Density 10-174 dBm/Hz
Equipment Noise Figure 5 dBm
Detector MMSE

All other as [3] what’s this?

For both deployment scenarios the gain in the average

packet call throughput experienced by the users on that
observed for the case of a single hop system with NB trans-
mission power of 30 dBm 1s plotted as a function of NB
transmit power for four different RN transmit powers. FIG.
8A shows the gain for deployment scenario 1 and FIG. 8B

shows the gain for scenario 2.

Note that the channel gain for the NB to UE link was 3 dB
higher than for the NB to RN and RN to UE link. This means

that the interference experienced by a UE connected to a RN

from another NB 1s double that used in the link analysis
discussed above with reference to FIGS. 7A, 7B and 7C. The
channel gain 1s due to the fact that a number of replicas of the

transmitted signal are recerved, when the power on all these 1s
added 1t 1s found that for the case of the NB to UE channel the
total power 1s double that on the NB to RN or RN to UE

channel. This accounts for the 3 dB gain, as 3 dB equates to

double. As a result of the channel gain being higher for the NB

to UE channel, this means that the received signal power will
be 3 dB (or double) higher than that used 1n the analysis up to

that point where no channel gain through multi-path was
considered.

Comparison of Link Based Prediction and System Simulation

FIG. 9 shows the optimal NB transmit power as a function
of RN transmit power for a non-regenerative relay for TDD
for each deployment scenario where 1t 1s assumed the NB to
UE link has a 3 dB gain compared with the other links. In this
case, the predicted transmit power at the NB for the RN

transmit power used in the simulation are listed in Table VII
along with the throughput gain that would be experienced 1f
these settings were used and the maximum achievable.
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TABLE IIII
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Predicted optimal NB transmit power and resulting simulated throughput

gain that would have been achieved from this setting compared with

the maximum gain observed.

NB Transmit Power (dBm) & User Packet Throughput Gain

Scenario 1 Scenario 2

RN Transmit Throughput Throughput
Power (dBm)  Predicted Gain Max Gamn Predicted Gain
16 -0.5 33% 40% 8.8 60%
19 1 38% 43% 10.3 65%
22 2.5 41% 46% 11.8 68%
25 4 49% 51% 13.3 72%

15

Table VII, FIG. 7TA and FIG. 8B suggest that 11 power

balancing 1s performed according to a preferred embodiment
of the present mvention using a technique based on the equa-
tions developed above then the selected power balance will in
general be 1n the region of the optimal point. In particular, for
the transmit powers used the gain was shown to always be
within 10% of the achievable maximum, with the difference
being due to shortcomings of using of a two-cell model to

model a multi-cell system.

The necessity of transmit power balancing 1s apparent in
the results presented in both FIG. 8 A and FI1G. 8B where 1t 1s
shown that 11 the NB transmit is increased beyond the optimal
point then a significant degradation in gain will be experi-
enced despite the emission of more signal energy. It also
shows that if the NB transmit power 1s selected carefully then
the sensitivity of the gain to RN transmit power 1s reduced.

The mvention claimed 1s:

1. A communication system comprising a user equipment,
a base station and at least one intermediate apparatus, the user
equipment being operable to transmit a communication sig-
nal, via the or each intermediate apparatus, to the base station,
wherein the base station and the/each intermediate apparatus
comprise an indicator derivator operable to derive one or
more indicators of the received signal strength of a commu-
nication signal recerved at the base station, or at the interme-
diate apparatus respectively, the base station comprising;:

1) an indicator deviation detector, operable to detect a
deviation 1in the, or one of the, indicators of the received
signal strength derived by the base station, from a
desired value at which the indicators of the recerved
signal strength of the commumnication signal received at
the base station and at the intermediate apparatus are
substantially 1n balance;

11) a receiving unit operable to recerve from the intermedi-
ate apparatus an indicator of the recerved signal strength
derived at the intermediate apparatus;

111) an imbalance detector periodically operable to detect an
imbalance between one said indicator of the recerved
signal strength derived by the base station and one said
indicator of the received signal strength derived by the
intermediate apparatus and receirved by the receiving
umt, wherein the imbalance detector comprises a path-
loss updater operable, following receipt of said 1indica-
tors from both said base station and said intermediate
apparatus, or following a change in one or both of said
indicators received by a controller, to determine a mea-
sure of the pathloss experienced by a communication
signal being transmitted between the user equipment
and the itermediate apparatus, and between the inter-
mediate apparatus and the base station; and
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1v) a controller, provided 1n the base station, the controller

comprising

a first calculator operable, following detection of a devia-

tion by the indicator deviation detector caused by a
change 1n a target value of the desired value, to calculate
a new transmit power for the intermediate apparatus, or
anew transmit power for the intermediate apparatus and
the user equipment, that will: a) restore balance between
one said indicator subsequently derived by the interme-
diate apparatus and one said indicator subsequently
derived by the base station; orb) prevent said imbalance
from arising, and

a second calculator operable, following detection of an

imbalance by the imbalance detector caused by a change
in a pathloss between the intermediate apparatus and the
base station determined by the pathloss updater, to cal-
culate a new transmit power for the user equipment
which will restore balance between one said indicator
subsequently derived by said base station and one said
indicator subsequently derived by said intermediate
apparatus,

wherein the controller 1s operable, following the calcula-

tion of a new transmit power for the user equipment, to
transmit a command to the user equipment commanding
a change 1n the transmit power of the user equipment
and, following the calculation of a new transmit power
for the intermediate apparatus, to transmit a command to
the intermediate apparatus commanding a change 1n the
transmit power of the intermediate apparatus,

and wherein if said command transmitted to said user

equipment 1s for an increase 1n transmit power, the con-
troller 1s further operable to monitor said indicator
derived by the intermediate apparatus 1n order to deter-
mine 11 said transmit power of said source apparatus has
been changed 1n accordance with said command,
wherein 11 1t 1s determined that a change in transmit
power of the source apparatus has not been carried out 1n
accordance with said command, said controller 1s oper-
able to prohibit any subsequent increases in transmit
power ol said intermediate apparatus, and wherein 1 an
increase 1n transmit power of said intermediate appara-
tus 1s prohibited, and 1f no subsequent imbalance 1s
detected by said imbalance detector, said controller 1s
operable to allow a subsequent increase 1n transmit
power of said intermediate apparatus.

2. A communication system as claimed 1n claim 1, wherein
one said indicator derived by each of the intermediate appa-
ratus and the base station comprises a measure of the strength
ol a communication signal received at the intermediate appa-
ratus, or at the base station, as the case may be.
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3. A communication system as claimed 1n claim 1, wherein
one said indicator derived by each of the intermediate appa-
ratus and the base station comprises a measure of the signal-
to-interference plus noise ratio (SINR) of a communication
signal respectively received at the intermediate apparatus or
at the base station, as the case may be.

4. A communication system as claimed in claim 1, wherein
one said indicator derived by each of the intermediate appa-
ratus and the base station comprises a measure of the variation
of the quality of a communication signal respectively
received at the intermediate apparatus, or at the base station,
from a target received signal quality.

5. A communication system as claimed 1n any claim 1,
wherein said imbalance comprises a difference between a
measure of the signal-to-interference plus noise ratio of a
communication signal received at the base station and a mea-
sure of the signal-to interference plus noise ratio of a com-
munication signal recerved at the intermediate apparatus.

6. A communication system as claimed 1n claim 1, wherein
the indicator deviation detector 1s provided 1n the base station,
and wherein the base station further comprises a request
transmitter operable, following detection of a deviation by
said 1indicator deviation detector, to transmit a request to said
first calculator, either directly or via the intermediate appara-
tus, for the calculation of a new transmit power for the inter-
mediate apparatus which will a) reduce an imbalance
between a measure of a quality of a communication signal
received at the intermediate apparatus and a measure of the
quality of a communication signal received at the base sta-
tion; or b) prevent said imbalance from arising.

7. A communication system as clamed in claim 6, wherein
the first calculator 1s operable to recerve a request transmitted
by said base station and wherein said first calculator 1s oper-
able, following receipt of such request by the controller, to
calculate a new transmit power for the intermediate apparatus
which will satisiy the request.

8. A communication system as claimed in claim 1, wherein
the controller 1s operable, following a calculation of a new
transmit power for the intermediate apparatus by said first
calculator, to determine 1f said new transmit power ol the
intermediate apparatus 1s greater than a maximum transmuit
power of the intermediate apparatus.

9. A communication system as claimed 1n claim 8, wherein
if 1t 1s determined by the controller that said new transmuit
power 1s greater than said maximum transmit power, the first
calculator calculates a second new transmit power for the
intermediate apparatus which does not exceed said maximum
transmit power of the mntermediate apparatus.

10. A communication system as claimed in claim 7,
wherein the controller 1s operable to recerve an 1mnput signal
which allows the controller to determine 11 the request 1s due
to a deviation 1n a variation from target indicator derived by
the base station which arises due to a change in the target
received signal quality set for the base station.

11. A communication system as claimed in claim 10
wherein, 1f 1t 1s determined that the request 1s due to a devia-
tion 1n a variation from target indicator derived by the base
station, the first calculator 1s further operable to calculate a
new transmit power for the user equipment, based on the new
transmit power calculated for the itermediate apparatus, to
thereby tend substantially prevent an imbalance between a
measure of a quality of a communication signal received at
the intermediate apparatus and a measure of the quality of a
communication signal recerved at the base station from aris-
ng.

12. A communication system as clamed in claim 11,
wherein the controller 1s operable, following a calculation of
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a new transmit power for the user equipment, to determine 1f
said new transmit power for the user equipment 1s greater than
a maximum transmit power for the user equipment.

13. A communication system as claimed in claim 12,
wherein 1f it 1s determined by the controller that said new
transmit power 1s greater than the maximum transmit power
of the user equipment, the first calculator calculates a second
new transmit power for the user equipment which does not
exceed said maximum.

14. A communication system as claimed 1n claim 13,
wherein said {irst calculator 1s operable, following the calcu-
lation of a second new transmit power for the user equipment,
to calculate a second new transmit power for the intermediate
apparatus which will tend to prevent an imbalance from aris-
ng.

15. A communication system as claimed in claim 1,
wherein the pathloss updater determines the measure of the
pathloss experienced by a communication signal being trans-
mitted between the user equipment and the intermediate
apparatus from a measure of the transmit power of the user
equipment when that communication signal was transmitted.

16. A communication system as claimed in claim 1,
wherein the pathloss updater determines the measure of the
pathloss experienced by a communication signal being trans-
mitted between the imntermediate apparatus and the base sta-
tion from a measure of the transmit power of the intermediate
apparatus when that communication signal was transmitted.

17. A communication system as claimed in claim 16,
wherein the intermediate apparatus 1s operable to transmit a
transmit power indicator, which 1s indicative of a measure of
a current transmit power of the intermediate apparatus, to the
pathloss updater, the pathloss updater being operable to
receive said transmit power indicator and to utilise said trans-
mit power indicator to determine the pathloss experienced by
a communication signal being transmitted between the inter-
mediate apparatus and the base station.

18. A communication system as claimed in claim 1,
wherein the knowledge of the transmit power of the interme-
diate apparatus 1s determined from 1) a measure of the trans-
mit power of the intermediate apparatus at an 1nitial time and
11) knowledge of changes 1n the transmit power of the inter-
mediate apparatus which have occurred since said initial
time.

19. A communication system as claimed in claim 1,
wherein the indicator deviation detector 1s provided in the
base station, and wherein the base station further comprises a
request transmitter operable, following detection of a devia-
tion by said indicator deviation detector, to transmit a request
to said first calculator, either directly or via the intermediate
apparatus, for the calculation of a new transmit power for the
intermediate apparatus which will a) reduce an 1imbalance
between a measure of a quality of a communication signal
received at the intermediate apparatus and a measure of the
quality of a communication signal recerved at the base sta-
tion; or b) prevent said imbalance from arising and wherein,
in the absence of a request for a change 1n the transmit power
of the intermediate apparatus from the base station, and fol-
lowing a change in the measure of the pathloss experienced
between the intermediate apparatus and the base station as
determined by the pathloss updater, the second calculator 1s
operable to calculate the change 1n the transmit power of the
user equipment that 1s required to 1n order to tend to balance
the signal strength indicators derived at the intermediate and
base station.

20. A communication system as claimed 1 claim 1,
wherein the controller 1s operable to recerve an iput signal
which allows the controller to determine 11 the request 1s due
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to a deviation 1n a variation from target indicator derived by
the base station which arises due to a change 1n the target
received signal quality set for the base station and wherein
said input s1ignal comprises an indicator of the pathloss expe-
rienced between the mtermediate apparatus and the base sta-
tion as determined by said pathloss updater.

21. A method of controlling the transmit power of one or
more communication apparatus of a communication system,
which apparatus 1s operable to transmit a communication
signal 1n a multi-hop communication system, the communi-
cation system comprising a user equipment, a base station and
at least one intermediate apparatus, the user equipment being
operable to transmit a communication signal, via the or each
intermediate apparatus, to the base station, the method com-
prising the steps of:

1) deriving, at each of the base station and the intermediate
apparatus, one or more 1ndicators of the received signal
strength of a communication signal respectively
received at the base station, or at the intermediate appa-
ratus;

11) recerving, at the base station from the intermediate appa-
ratus, an indicator of the recerved signal strength derived
at the intermediate apparatus;

111) detecting a deviation 1n the, or one of the, indicators of
the recerved signal strength derived at the base station,
from a desired value at which the indicators of the
received signal strength of the communication signal
received at the base station and at the intermediate appa-
ratus are substantially in balance, and calculating, fol-
lowing the detection of such a change caused by a
change 1n a target value of the desired value, a new
transmit power for the intermediate apparatus, or a new
transmit power for the intermediate apparatus and the
user equipment, which will: a) restore balance between
one said indicator subsequently derived by the imnterme-
diate apparatus and one said indicator subsequently
derived by the base station; or b) prevent said imbalance
from arising;

1v) detecting an imbalance between one said indicator of
the received signal strength derived by the base station
and one said indicator of the received signal strength
derived by the intermediate apparatus by: following
receipt of said indicators from both said base station and
said intermediate apparatus, or following a change in
one or both of said indicators, determining a measure of
the pathloss experienced by a communication signal
being transmitted between the user equipment and the
intermediate apparatus, and between the intermediate
apparatus and the base station; and

v) calculating, following the detection of such an 1mbal-
ance caused by a change 1n a pathloss between the inter-
mediate apparatus and the base station determined by
the pathloss updater, a new transmit power for the user
equipment, which will restore balance between one said
indicator subsequently derived by said base station and
one said indicator subsequently derived by said interme-
diate apparatus;

v1) following the calculation of a new transmit power for
the user equipment, transmitting a command to the user
equipment commanding a change 1n the transmit power
of the user equipment and, following the calculation of a
new transmit power for the intermediate apparatus,
transmitting a command to the intermediate apparatus
commanding a change 1n the transmit power of the inter-
mediate apparatus,

and wherein 11 said command transmitted to said user
equipment 1s for an increase 1n transmit power, monitor-
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ing said indicator derived by the intermediate apparatus
in order to determine if said transmit power of said
source apparatus has been changed in accordance with
said command, wherein 11 1t 1s determined that a change
in transmit power of the source apparatus has not been
carried out 1n accordance with said command, prohibait-
ing any subsequent increases 1n transmit power of said
intermediate apparatus, and wherein 1f an increase 1n
transmit power of said intermediate apparatus 1s prohib-
ited, and 11 no subsequent imbalance 1s detected by said
imbalance detector, allowing a subsequent increase 1n
transmit power of said intermediate apparatus.

22. A base station operable to receive, via at least one
intermediate apparatus, a communication signal transmitted
from a user equipment, the base station comprising:

1) an indicator derivator, operable to derive one or more
indicators of a recerved signal strength of a communi-
cation signal recerved at the base station;

11) a recerver, operable to receive one or more indicators
from the intermediate apparatus, the or each indicator
being mdicative of a recerved signal strength of a com-
munication signal recerved at the imtermediate appara-
tus;

111) an indicator deviation detector, operable to detect a
deviation in one said indicator of the received signal
strength derived by the indicator derivator from a desired
value at which the indicators of the received signal
strength of the communication signal received at the
base station and at the intermediate apparatus are sub-
stantially 1n balance;

1v) an 1imbalance detector periodically operable to detect an
imbalance between one said indicator of the recerved
signal strength derived by the base station and one said
indicator of the recerved signal strength derived by and
received from the intermediate apparatus, wherein the
imbalance detector comprises a pathloss updater oper-
able, following receipt of said indicators from both said
base station and said intermediate apparatus, or follow-
ing a change in one or both of said indicators received by
a controller, to determine a measure of the pathloss
experienced by a communication signal being transmit-
ted between the user equipment and the intermediate
apparatus, and between the intermediate apparatus and
the base station; and

v) a controller comprising

a first calculator operable, following detection of a devia-
tion by the indicator deviation detector caused by a
change 1n a target value of the desired value, to calculate
a new transmit power for the intermediate apparatus, or
anew transmit power for the intermediate apparatus and
the user equipment, that will: a) restore balance between
one said indicator subsequently derived by the interme-
diate apparatus and one said indicator subsequently
derived by the base station; or b) prevent said imbalance
from arising, and

a second calculator operable, following detection of an
imbalance by the imbalance detector caused by a change
in a pathloss between the intermediate apparatus and the
base station determined by the pathloss updater, to cal-
culate a new transmit power for the user equipment
which will restore balance between one said indicator
subsequently derived by said base station and one said
indicator subsequently derived by said intermediate
apparatus,

wherein the controller 1s operable, following the calcula-
tion of a new transmit power for the user equipment to
transmit a command to the user equipment commanding
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a change 1n the transmit power of the user equipment
and, following the calculation of a new transmit power
for the intermediate apparatus, to transmit a command to
the intermediate apparatus commanding a change 1n the
transmit power of the intermediate apparatus,

and wherein 11 said command transmitted to said user

equipment 1s for an increase in transmit power, the con-
troller 1s further operable to monitor said indicator
derived by the intermediate apparatus 1n order to deter-
mine 11 said transmit power of said source apparatus has
been changed 1n accordance with said command,
wherein 11 1t 1s determined that a change in transmit
power of the source apparatus has not been carried out 1n
accordance with said command, said controller 1s oper-
able to prohibit any subsequent increases in transmit
power of said intermediate apparatus, and wherein 1f an
increase in transmit power of said intermediate appara-
tus 1s prohibited, and 1f no subsequent imbalance 1s
detected by said imbalance detector, said controller 1s
operable to allow a subsequent increase in transmit
power of said intermediate apparatus.

23. A base station as claimed 1n claim 22, wherein said base
station 1s operable to recerve an mput signal which allows the
controller to determine 1f a request for a new transmit power
tor the user equipment is due to a change 1n the deviation from
a desired value of an 1indicator derived by the base station.
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24. A base station as claimed 1n claim 22, the controller
turther comprising commander operable to 1ssue a command
to said intermediate apparatus and/or said user equipment,
commanding a change 1n the transmit power of the interme-
diate apparatus, and/or the transmit power of the user equip-
ment to change 1n accordance with the new transmit power
calculated by the first calculator.

25. A base station as claimed in claim 22, wherein the
imbalance detector further comprises a pathloss updater oper-
able to determine a measure of the pathloss experienced by a
communication signal being transmitted between the user
equipment and the intermediate apparatus, and between the
intermediate apparatus and the base station.

26. A base station as claimed 1n claim 22, the controller
further comprising a commander operable to 1ssue a com-
mand to said user equipment commanding a change 1n the
transmit power of the user equipment in accordance with the
new transmit power calculated by the calculator.

27. A non-transitory computer-readable medium that
stores a computer program which 1s loadable 1into a computer

and which, when loaded into the computer, causes the com-
puter to become the base station of the communication sys-
tem as claimed 1n claim 22.
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